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The spatial distribution of neutral lipids and hydrocarbons has been imaged using MALDI-
TOF mass spectrometry on intact plant and insect surfaces, namely wings and legs of the gray
flesh fly (Neobellieria bullata), wings of common fruit fly (Drosophila melanogaster), leaves of
thale cress (Arabidopsis thaliana), and leaves of date palm tree (Phoenix sp.). The distribution of
wax esters (WEs) and saturated and unsaturated hydrocarbons (HCs) was visualized. The
samples were attached on a target and multiply sprayed with lithium or sodium 2,5-
dihydroxybenzoate. The deposits were homogenous, consisting of small islands (50–150 m)
of matrix crystals separated by small areas (10 m) of uncovered cuticle. Samples of N. bullata
wings were found to contain HCs and WEs distributed close to their basal parts. The
distribution of sodium and potassium ions was visualized on samples prepared by sublima-
tion of 2,5-dihydroxybenzoic acid. Pheromonal dienes were detected on D. melanogaster female
wings. A homogenous distribution of saturated WEs was observed on A. thaliana and Phoenix
sp. leaf samples. The optimum number of laser shots per pixel was found to be higher than for
polar compounds imaging. (J Am Soc Mass Spectrom 2010, 21, 220–231) © 2010 American
Society for Mass SpectrometryThe external surface of insects and higher vascularplants is covered by a waxy layer that serves avariety of functions. It protects living organisms
against wear, dehydration or increased water intake,
ultraviolet radiation, and bacterial and fungal patho-
gens. The wax contains a wide range of compounds.
Insect cuticular lipids consist mostly of hydrocarbons
(HCs), wax esters (WEs), and sterol esters, ketones, alco-
hols, aldehydes, and acids [1, 2]. Insect cuticular HCs are
synthesized by an elongation-decarboxylation pathway in
oenocytes, which are associated with epidermal cells or fat
bodies. After synthesis, HCs are transported through
hemolymph by lipophorin carrier [3, 4]. Cuticular lipid
profiles, which are species-specific both in solitary and
social insects, serve as fingerprints, making it possible to
discriminate species taxonomically or to recognize sibling
species. Cuticular lipids are also known to play a semio-
chemical function in insects [4, 5] and to participate in a
variety of plant-insect interactions [6, 7]. HCs are consid-
ered to be the main signals responsible for nestmate
recognition in social insects [4, 8] and flies [9]. Plant
epicuticular waxes are mainly made of long-chain ali-
phatic components, including primary and secondary
alcohols, aldehydes, ketones, acids, HCs, and various
esters [10–12]. Their biosynthesis occurs in epidermal
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[13]. The full mechanism of plant wax formation and its
regeneration is still being discussed. Evidence suggests
wax components are transported through the polymer
membrane together with water vapor [14]. The compo-
sition of cuticular waxes is greatly variable among plant
species, organs of one species, and during organ ontog-
eny. Environmental factors, such as humidity or tem-
perature, mostly affect only the total amount of wax,
not its chemical composition [15].
The composition of cuticular lipids was studied after
lipids were washed with organic solvents using various
analytical techniques, mostly chromatographic and spec-
troscopic [16]. Compounds amenable to gas chromatogra-
phy (GC) were analyzed directly, whereas the less volatile
ones had to be hydrolyzed before analysis [17]. Simple
neutral lipids, such as wax and cholesteryl esters or
acylglycerols, can be qualitatively and quantitatively ana-
lyzed using electrospray, atmospheric pressure chemical
ionization (APCI), or photoionization (APPI) mass spec-
trometry [18]. Like chromatographic methods, matrix-
assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS) is increasingly important
in lipid analysis [19]. Numerous studies have shown that
both 2,5-dihydroxybenzoic acid (DHB) and its alkaline
metal salts work well as matrices for neutral lipids [20–
23]. More recently, cryostripping the epicuticular lipid
layer from plants was introduced [24], enabling epicuticu-
lar layer compositions to be analyzed directly.
Insect cuticular waxes usually form only a thin amor-
phous layer that lacks crystalline features. However, most
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exhibit distinct structures, such as tangled or curled fila-
ments [25, 26]. Little is known about the spatial distribu-
tion of cuticular wax on various organs or parts of insect
bodies. Plant cuticular waxes form complex microstruc-
tures that originate from self-assembly processes [15].
Morphology of epicuticular wax crystals are determined
by predominating compound or a class of major com-
pounds in the wax. Epicuticular wax structures are of
micrometer sizes and adopt various shapes, e.g., tubules,
platelets, or rodlets.
To better understand the composition, morphology,
and function of the protective cuticular waxy layer in
plants and insects, the chemical composition of surface
lipids should be directly linked to its location within an
organism, organ, or tissue. Because such information
can be provided by mass spectrometry imaging tech-
niques, these have been increasingly used to study the
spatial distribution of different molecules in biological
systems ranging from whole animal tissue sections to
single cells [27]. Secondary ion mass spectrometry
(SIMS) has the longest history in surface visualization.
SIMS offers a very high spatial resolution with sub-
micrometer spot sizes. Recently, several impressive SIMS
imaging applications of lipids in tissues or even single
cells have been published [28–30]. Currently, the majority
of biological imaging experiments are carried out using
MALDI. Although in comparison to SIMS, MALDI offers
lower spatial resolution (spots 25 m or more), higher
sensitivity, substantially larger mass range, and the wide-
spread availability of the instrumentation make MALDI
imaging very attractive. The sample is scanned with a
laser beam across a selected area and mass spectra are
collected for each irradiated spot. The imaged objects are
mostly tissue slices covered by a matrix. The quality of the
resulting images strongly depends on the matrix deposi-
tion procedures [31–34]. MALDI imaging is mostly used
for visualizing proteins or peptides [27, 35, 36], but re-
cently MALDI imaging has been used with smaller mol-
ecules, e.g., drugs [37–39], secondary metabolites [40], or
lipids [34, 41–44]. Mass spectrometry imaging has the
potential to provide crucial insight into the function of
cuticular lipids on surfaces of intact plants, insects, or
other living organisms. However, so far only limited
research has been done in this area [12].
Here we demonstrate how MALDI can be used to
image neutral lipids on intact plant and insect surfaces.
Various body parts of flies and leaves were probed to
visualize the distribution of saturated and unsaturated
HCs and WEs. Matrix deposition and sample prepara-
tion procedures are discussed in detail.
Experimental
Insect and Plant Material
Adults (both sexes, 2–14 d old) of gray flesh flies,
Neobellieria bullata (Parker, 1916) (Diptera: Sarcophagi-
dae), previously know as Sarcophaga bullata, were fromlaboratory breeding in the Institute of Organic Chemis-
try and Biochemistry, Prague. Common fruit flies, Dro-
sophila melanogaster (Meigen, 1830) (Diptera, Drosophi-
lidae) were from colony maintained in the MPI for
Chemical Ecology, strain Canton S. Wings of ca. 6 d old
females were detached under magnification by scissors.
Insects were immobilized at low temperatures (18 °C)
before samples were prepared. Mature leaves from
4-wk-old, rosette-stage thale cress (Arabidopsis thaliana)
of the Columbia accession (Col-0) were used. Plants
were grown in a soil:vermiculite mixture (3:1) in a
controlled environment chamber at 21 °C, 55% relative
humidity, 100 mol m2 s1 photosynthetically active
radiation from a mixture of Fluora and Cool White
lamps (Osram, München, Germany), and a diurnal
cycle of 10 h light and 14 h dark. A young leaf was
detached from the main branch of indoor date palm tree
(Phoenix sp.) maintained at living room conditions in
Jena. The leaves were cut both crosswise and length-
wise using a scalpel to get samples 2  10 mm each of
which had one original leaf edge.
Chemicals
DHB was purchased from Sigma-Aldrich. Other matrices,
lithium 2,5-dihydroxybenzoate (LiDHB) and sodium 2,5-
dihydroxybenzoate (NaDHB), were synthesized by neu-
tralizing DHB as described [21, 23]. For imaging cheap
LiDHB of natural isotopic composition was used, for
analysis of extracts or purified fraction 6LiDHB matrix
was employed. High purity solvents (hexane, chloroform,
dichloromethane, and acetone) were supplied by Merck
(Darmstadt, Germany), Carl-Roth (Karlsruhe, Germany),
or Riedel-de Haen and used as received. Diethyl ether
(Penta; Prague, Czech Republic) was further purified by
distillation. Poly(ethylene glycol) oligomers (PEG; with
average masses 200, 300, 600, and 1000 Da) for the calibra-
tion of the mass spectrometer were purchased from Sigma-
Aldrich. Bees wax esters were from our stock, prepared as
published [23].
Isolation of Neutral Lipids for Analysis
Wings and legs were detached from immobilized
(18 °C) 30 males and 30 females of N. bullata and
placed for 15 min in a desiccator to remove surface
moisture. Lipids were extracted with dichloromethane
(4  0.5 mL, 1 min) in a small glass vial. The volume of
solvent was reduced under a stream of argon. The total
extract was fractionated onto precleaned glass thin-
layer chromatography (TLC) plates (36  76 mm)
coated with Adsorbosil-plus (layer thickness 0.2 mm
with gypsum (12%); Applied Science Labs, State Col-
lege, PA, USA) using hexane as the mobile phase. Spots
were visualized by spraying rhodamine 6G solution
(0.05% in ethanol) onto plates, scraping them off the
plates and extracting them with diethyl ether (6–8 mL).
HCs were obtained from the upper part of the TLC
plates (RF 0.5–1.0), more polar lipids from the lower
222 VRKOSLAV ET AL. J Am Soc Mass Spectrom 2010, 21, 220–231part (RF 0–0.5). Diethyl ether was removed under a
stream of argon; residues were weighed and re-dis-
solved in dichloromethane to a concentration of 1%
(wt). Polar fractions were further separated using hex-
ane:diethyl ether (80:20, vol/vol) mobile phase to iso-
late WEs (RF 0.90–0.95). The Phoenix sp. leaf was
allowed to dry in a desiccator, washed with 1 mL of
dichloromethane, and the extract was separated as
described for N. bullata.
Analysis of Lipid Extracts by MALDI/TOF
Lipid extracts were analyzed using Reflex IV (Bruker
Daltonik, Ltd., Bremen, Germany) operated in reflec-
tron mode with the acceleration voltage of 20 kV and
200 ns ion extraction pulse. Desorption and ionization
were achieved using a nitrogen UV laser (337.1 nm, 4 ns
pulse of 300 J, maximum frequency 20 Hz). Matrix
ions were suppressed below m/z 300. Data were col-
lected and analyzed using FlexAnalysis 3.0 software
(Bruker Daltonics). Spectra were averaged from 800
(WEs) or 1200 (HCs) laser shots. The stainless steel
MALDI target plates were thoroughly cleaned by son-
ication in acetone, dichloromethane and hexane (5 min
each) and rinsed with diethyl ether to remove eventual
contaminants. The matrix (6LiDHB) was dissolved in
acetone:chloroform (2:1, first adding acetone) at a con-
centration of 10 mg/mL and spotted (0.7 L) on the
MALDI target. The solvent was allowed to evaporate
and the sample (0.7 L) was applied on the top of the
matrix (Ma/Sa method). External mass calibration was
achieved using PEGs (average molecular masses of 200,
300, 600, and 1000 Da) in acetone, detected as lithiated
(6Li) adducts (Supplementary Table S1, which can be
found in the electronic version of this article).
MALDI Imaging
MALDI imaging experiments were performed with
MALDI Micro MX (Waters, Manchester, UK) operated
in reflectron mode with the acceleration and plate
voltages at 12 and 5 kV, respectively. Delayed extrac-
tion time was 500 ns. Desorption and ionization were
accomplished using nitrogen UV laser (337 nm, 4 ns
pulse of maximum 320 J and a frequency of 20 Hz).
Matrix ions were suppressed with a low mass (300 Da
or less) cut-off. External mass calibration was achieved
using 7Li adducts of PEGs (Supplementary Tab. S1).
Samples for MALDI imaging were attached to a stain-
less steel target plate using double-sided Scotch adhe-
sive tape (product no 34-8509-3289-7, 3M, St. Paul, MN,
USA). Extracts for MALDI imaging (0.7 L, 10 mg/mL)
were applied to the stainless steel MALDI plate and
allowed to dry. The fingerprint was made by left hand
thumb. The thumb was impregnated by WEs extract
from bee wax (10 mg/mL), allowed to dry and im-
printed on the target plate. LiDHB matrix solutions
were prepared in acetone:dichloromethane (9:1, vol/
vol) at a concentration of 20 mg/mL. NaDHB matrixsolutions were prepared in acetone at the same concen-
tration. The samples were sprayed from a distance of
150 mm using a commercial airbrush with a 0.2 mm
diameter sprayer jet. Three milliliters of matrix solu-
tions were used to form 30 coats with waiting time of
about 10 s between consecutive sprays. MALDI imag-
ing of neutral lipids requires a relatively long time to
get a signal. Therefore, the number of laser shots per
pixel was optimized and set to 380 (130 J/shot).
Coating with DHB was achieved by sublimation in a
glass container at 140 °C/0.01 Torr for 30 min. A similar
device was described previously [32]. The number of
laser shots per pixel for samples coated with DHB was
150 (130 J/shot). The samples were imaged using
several step sizes (resolutions). The extracts spotted on
the target plate were scanned with a step of 300 m (85
dpi). Most of the insect and plant objects, including
fingerprint were imaged at higher resolution of 127 dpi
(step size of 200 m). The resolution was further
increased to 254 dpi (step size of 100 m) for very small
wings of D. melanogaster (wing area approximately 1
mm2). Data were collected with MassLynx 4.0 and
processed with custom-made software MALDI Image
Convertor (Waters, Manchester, UK). We did not have
commercial software for processing MALDI imaging
data. Therefore, the data were processed by the se-
quence of operations: ASCII data representing selected
ion chromatograms (SIC) reconstructed for a monoiso-
topic mass within 0.20–0.45 Da window were exported
to Microsoft Excel for manual background subtraction.
Finally, the data were exported to ImageJ (National
Institutes of Health, Bethesda, MD, USA) and converted
into two-dimensional ion intensity maps. The spectral
intensities were normalized automatically within the
0–255 range in ImageJ.
Analysis of Lipid Extracts by GC/MS
GC/MS analyses were performed on a 6890N gas
chromatograph coupled to a 5975B mass spectrometer,
equipped with electron ionization (EI) and quadrupole
analyzer (Agilent Technologies, Santa Clara, CA, USA).
The lipid extracts (5 L, 2.5 mg/mL in dichlorometh-
ane) were injected manually in the splitless mode. An
HP5-MS fused silica capillary column (30 m  250 m;
film thickness 0.25 m, Agilent Technologies) was used
for separations. The carrier gas was helium at a constant
flow rate of 2.5 mL/min. Temperature program: 60 °C
(2 min), then 10 °C/min to 260 °C, then 2 °C/min to
320 °C (70 min). The injector, transfer line, and EI source
temperatures were 260 °C, 320 °C, and 230 °C, respec-
tively. Mass spectra were recorded from 25 to 900 m/z.
WEs from N. bullata were methanolyzed to alcohols and
fatty acid methyl esters (FAMEs) according to a pub-
lished method [45], and the reaction products were
analyzed by GC/MS. The temperature program: 40 °C
(1 min), 50 °C/min to 140 °C, then 3°C/min to 320 °C
(20 min), the carrier gas flow rate was 1 mL/min. The
injector, transfer line, and EI source temperatures were
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were recorded from 25 to 600 m/z.
High-Resolution Electrospray MS
The exact masses of WEs were measured using a
Thermo Fisher Scientific (Bremen, Germany) LTQ Or-
bitrap XL hybrid mass spectrometer equipped with an
electrospray ion source. Methanol was used as mobile
phase at a flow rate of 0.2 L/min. The samples were
dissolved in dichloromethane, diluted with the mobile
phase and injected using a 2-l loop. Capillary voltage,
tube lens voltage, and capillary temperature were 10,
165, and 300 °C, respectively. The chemical identity of
the compounds encountered was confirmed by colli-
sion induced dissociation (CID experiment at 17 V
normalized energy) mass spectrometry on an LTQ
Orbitrap XL with an AP-MALDI source equipped with
a solid-state NdYAG UV laser (MassTech, Columbia,
MD, USA) and running Target 6 (MassTech) and Ex-
calibur ver. 2.0 (Thermo) software for data acquisition.
Scanning Electron Microscopy
The morphology of samples before and after coating with
the matrix was examined by scanning electron micros-
copy (SEM) using JSM-6380LV instrument (JEOL, Tokyo,
Japan). The samples were fixed onto the aluminum stab
using conductive double-sided tape and sputtered with
gold (nm thickness). SEM images were made using accel-
eration voltage 12–15 kV and spot size 42–50 m.
Results and Discussion
Identification of Cuticular Lipids
Neutral cuticular lipids were first probed by mass
spectrometry to learn about the identity of the main
components. Based on TLC analysis, WEs and HCs
were found to be abundant classes of neutral lipids in
all samples.
MALDI revealed that N. bullata possess WEs mostly
containing even number of carbons 34–54 and 0–2
double bonds (Supplementary Fig. S1a). Two abundant
signals at m/z 652.6 and 680.6 (both [M  6Li]) were
later used for the construction of mass images. WEs
isolated from N. bullata wings were further studied by
GC/MS and ESI-MS. GC showed several peaks eluting
at higher temperatures. EI mass spectra exhibited typi-
cal features for WEs [46] including molecular ion M·,
protonated fatty acid RCOOH2
, acylium ions RCO
(saturated) or radical cation [RCO-H]· (mono- and
di-unsaturated) and ions related to the alcoholic part of
WE molecules, [R=  H]·. In ESI-MS, unsaturated WEs
provided sodium adducts, which were used for elemen-
tal composition assignment. Saturated esters did not
provide adducts under ESI conditions. Selected data are
shown in Supplementary Table. S2 and Figure S2. We
found that WEs of N. bullata are mostly composed offatty acids with 16 and 18 carbons and 0–1 double
bonds and saturated alcohols C18–C30. Methyl esters of
these fatty acids and the alcohols were identified as the
products of methanolysis of the original sample of WEs
(Supplementary Figure S3). Exact mass measurement of
sodium adducts in ESI confirmed expected elemental
compositions of WEs (mass errors bellow 2.0 ppm). Our
data agree with previously published results [47]. HCs
of N. bullata have been studied since the 1970s [22, 47,
48]. As our previous findings led us to expect [22], the
MALDI spectra provided evidence of saturated and
unsaturated HCs with odd and even numbers of car-
bons (Supplementary Figure S1b). The most intense
peaks (m/z of [M  6Li]) were found at m/z 428.5
(C30H62, a mixture of methylnonacosanes [48], m/z 550.6
(C39H76, diene), and m/z 578.6 (C41H80, diene). The
fragmentation spectra of laser-desorbed ions were
obtained on Orbitrap instrument using AP-MALDI
source. Accurate mass of two precursor ions were
measured (653.67798; C44H86O2
7Li, and 681.70758;
C46H90O2
7Li). Upon ion-trap CID experiment, those two
precursors show m/z 289 and 261 fragments represent-
ing oleic (18:1) and palmitoleic (16:1) acid 7Li adduct
ions, fully collaborating with data from GC/MS and
ESI/MS (Supplemental Table 2, entries 11 and 13,
respectively).
Composition of cuticular HCs of D. melanogaster, its
function, and variation were described in several pa-
pers [9, 49, 50]. D. melanogaster females synthesize
long-chain hydrocarbons with various degrees of satu-
ration (C27H52, C27H54, C29H56, C29H58).
Based on MALDI spectra of Phoenix sp. leaves ex-
tracts, WEs had almost exclusively even number of car-
bons (32–64). Esters with lower molecular weights were
mostly saturated, whereas those at higher m/z values were
singly or doubly unsaturated (Supplementary Figure S1c).
According to the GC/MS analysis, the most abundant
saturated WEs (i.e., C46H92O2, C48H96O2, and C50H100O2)
contained a fatty acid with an even number of carbons,
namely C16:0, C20:0, C22:0, C24:0, and C26:0. Interest-
ingly, C18:0 was missing. Almost the same fatty acids
predominate in WEs of Phoenix canariensis [51].
WEs of A. thaliana cer mutants, Landsberg erecta and
Wassilewskija wild type were reported recently [52]. WEs
with chain lengths between 38 and 52 carbons were
identified. Esters with even number of carbons prevailed,
with 42, 44, and 46 carbons favored in the wild types.
An overview of the compounds that were used to
construct the mass images is given in Table 1.
MALDI Imaging of Lipid Extracts Deposited
on Target
Before starting to image biological objects, the method-
ology was tested with lipid extracts isolated from the
surface of various parts of the N. bullata body. Numer-
ous reports have shown that the quality of sample
preparation affects the quality of spectra. We have
4224 VRKOSLAV ET AL. J Am Soc Mass Spectrom 2010, 21, 220–231demonstrated [21, 23] that for neutral lipids, the depo-
sition of sample and matrix (Sa/Ma) on a stainless steel
target gives high quality spectra. For WEs, even better
results were obtained when the matrix and samples
were deposited in reverse order (Ma/Sa), but this is not
applicable for imaging. For our imaging experiments,
we compared the proven Sa/Ma method and its mod-
ified version. Nonpolar and polar fractions of the total
lipid extract were deposited on a stainless steel target.
Half of the spots were covered by LiDHB using the
Sa/Ma technique (Figure 1a, upper line (1–3), and the
second half was sprayed with LiDHB solution using an
airbrush (Figure 1a, lower line (4–6). Both parts of the
target were imaged by MALDI-TOF (results are shown
in Figure 1b–f). Both sample preparation methods on
nonpolar fractions isolated from legs and deposited in
positions 1 and 4 provided signals of lithiated HCs of
similar intensity. Mass images of lithium adducts of two
selected dienes [22], C39H76 (m/z 551.6) and C41H80 (m/z
579.6), are shown in Figure 1c, d. Similar results were
obtained when a nonpolar fraction isolated from the
wings was probed. Polar lipids containing oxygen are
more amenable to the cationization reaction [21, 23] and
should be easily detected in the extracts. The ion image
at m/z 653.7 (Figure 1e) and m/z 681.7 (Figure 1f)
corresponding to lithiated monounsaturated wax ester
C44H86O2 and C46H90O2, respectively, confirms this
expectation. The lower part of the total ion image (all
ion intensity summed, Figure 1b) shows that spraying
the matrix give homogenous signal from the sample
spot as well as from surrounding. Surrounding signal
was constituted of matrix ions. In case of hydrocarbons,
homogeneity was better for sprayed spot, then for typi-
cally prepared spots. The effect is not so obvious for more
polar analytes. Because analytes concentrate near the edge
due to the fast evaporation of solvent after spotting on
the target plate, differences between center and edge
signals were observed. To study analyte delocalization
during sample spraying and further handling, we
printed a mixture of WEs isolated from beeswax [23]
using a finger. This “wax dactyloscopy” yielded well
resolved prints, when observed under microscope (Fig-
ure 1g). The individual papillary lines (ca, 0.5 mm thick)
Table 1. An overview of m/z values of ions used for constructin
Ion Neobellieria bullata
C30H62 C39H76 C41H80 C44H8
[M  6Li] 428.5 550.6 578.6 652.
[M  7Li] 429.5 551.6 579.6 653.
[M  Na] — — — 669.
[M  K] — — — 685.
Ion beeswax D
C40H80O2 C27H
[M  7Li] 599.6 383.are separated by ca, 0.3 mm areas without WEs depo-sition. This print was sprayed 30 times with LiDHB and
submitted to MALDI imaging. The image was recon-
structed for WE m/z 599.6 (C40H80O2, [23] (Figure 1h).
The Figure 1h consists of spots that correspond to step
size of laser 200 m. However, texture of fingerprint
could be recognized because the papillary lines were
separated by empty blanks and the overall characteristic
was fully preserved. The loss of resolution due to analytes
delocalization during sample spraying was not observed.
If the matrix ion m/z 161.0 ([LiDHB  H]) is displayed,
no fine structures are visible (Figure 1i). In conclusion,
spraying LiDHB solution seems to be an appropriate
technique for depositing the matrix and allowing HCs and
WEs to be reliably detected in imaging experiments.
MALDI Imaging of Wings and Legs of N. bullata
Wings (both dorsal and ventral sides) and legs (tarsus)
of N. bullata were attached to a stainless steel MALDI
target using double-sided tape. The samples were mul-
tiply sprayed with LiDHB or NaDHB solution prepared
in chloroform/acetone. Individual sprays were brief
and the tissue was never allowed to become wet, to
prevent lipids from delocalizing. Coating was per-
formed 6-, 9-, 12-, and 30 times and intensities of lipid
signals were compared. Thirty consecutive sprayings
left homogenous deposits consisting of small islands
(50–150 m in diameter) of matrix material separated
by small areas (ca. 10 m in diameter) of uncovered
cuticle (Figure 2) and provided the highest signal inten-
sities. The sample delocalization during/after the ma-
trix spraying, which will blur the images, was excluded
(see above). The cover probably resulted from very
small droplets created in 200 m air-brush nozzle; these
subsequently merged into bigger islands upon multiple
sprays. The cover thickness was estimated to be 10–20
m by comparing the size of fine hairs on wings when
free or covered by matrix. The imaging was performed
at a resolution of 127 dpi (step size of 200 m) and the
matrix coating was fine enough to prevent any distor-
tion of mass images. An example of MALDI spectra
taken from an imaged wing of N. bullata can be found in
Figure 3g. The spectrum was taken form a place show-
ages
Phoenix sp.
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Previous experiments (TLC isolation and subsequent
analysis) indicated that both the legs and wings of N.
bullata are covered by a waxy layer containing HCs.
Figure 1. MALDI target with lipids isolated f
Hydrocarbons were deposited in spots 1 and 4, m
The samples in the upper part of the target (1–3) w
samples in the lower part (4–6) were sprayed with
(a), MALDI images of the total ion current (b), lit
adduct of diene C41H80 at m/z 579.6 (d), lithium ad
adduct of wax ester C46H90O2 at m/z 681.8 (f). Pho
(g), MALDI images of lithium adduct of WEs C40MALDI spectra of lithium adducts from isolated HCfractions (Figure 1c, d) provided strong signals not only
for spots where Sa/Ma deposition method was used,
but also for spray-over spots. However, the surface of
living organisms is more complex and subject to vari-
legs (1, 2, 4, 5) and wings (3, 6) of N. bullata.
olar lipids in the remaining wells (2, 3, 5, and 6).
overed by LiDHB using the Sa/Ma technique; the
HB. Photograph of the target (after measurement)
adduct of diene C39H76 at m/z 551.6 (c), lithium
f wax ester C44H86O2 at m/z 653.7 (e), and lithium
ph of “beeswax fingerprint” covered with LiDHB
2 at m/z 599.6 (h), and matrix ion m/z 161.0 (i).rom
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duct oous signal suppression/enhancement effects from other
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apparent that spots must be irradiated by UV laser for
a longer time than used usually, and more that 100
lasers shots are necessary to obtain clean spectra of
lithiated HC. As the cuticle of plants and insects con-
tains diverse classes of lipids with different polarity
and, hence, high or low affinity to lithium cationization,
the imaging on real sample is a challenging task.
Nevertheless, our results clearly showed that insect
cuticles could be fairly well imaged for HCs. The
homogenous deposition of matrix on the wing surface
is documented by optical microscope photography (Fig-
ure 3a). Unsaturated and even fully saturated HCs,
forming adduct ions with most difficultly, were de-
tected. Figure 3d–f shows two-dimensional ion inten-
sity maps of both saturated (m/z 429.5, [C30H62  Li]
)
and unsaturated (m/z 551.6, [C39H76  Li]
; m/z 579.6,
[C41H80  Li]
) HCs on the dorsal side of a female
wing. HCs were observed mostly near the basal part of
the wings. The distribution of a matrix ion at m/z 161.0
(Figure 3c) is more homogeneous then distribution of
analytes. Moreover, the most intensive spots of the
Figure 2. SEM images of matrix crystals deposited on dorsal side
of N. bullata wing. LiDHB sprayed with an airbrush (a) and
sublimated DHB (b).analytes, which are placed on the basal part of thewings, are not observed on matrix ion figure. According
to the distribution of analytes, the intensity is higher on
the supporting veins. The effect is slightly more obvious
for matrix ions, as well. It is difficult to recognize if the
analytes concentration is higher on the supporting
veins, or ionization is affected by different deposition of
matrix on non-homogenous surface.
Distribution of Wes
Multiple signals corresponding to lithium adducts of
WEs were observed on the dorsal side of female wings.
Distribution of the dominant ion [C46H90O2  Li]
 (m/z
681.8) is shown in Figure 3i. The highest concentration
of WEs was near the basal part of the wing (basicosta).
In addition to the expected lithiated molecules, WEs
adducts with sodium and potassium were also detected,
e.g., [C46H90O2Na]
 at m/z 697.7, or [C46H90O2K]
 at
m/z 713.7. Their occurrence indicated a large number of
sodium and potassium ions, which presumably form an
integral part of the wing cuticle. When LiDHB was
replaced by NaDHB, the same distribution of WEs was
observed (data not shown). Analogous mass images of
WEs were observed also on the ventral sides and male
wings. Closer inspection of the TIC image indicated that
other compounds were detected as well, mostly near
basicosta (Figure 3j). Some signals were assigned to
triacylglycerols, which probably contaminated the sur-
face during wing abscission. In addition, as-yet un-
known ions (e.g., m/z 560.6, 576.6, 604.6, 649.6, 675.7)
were observed in various locations on the wings. The
double-sided tape used in our experiments was found
to suppress ion formation, which resulted in stronger
signal of ions from imaged objects or stainless steel
surface than from the bare tape (not shown).
Distribution of Sodium and Potassium
To confirm the presence of sodium and potassium on
wings, we covered the samples with DHB. Unlike its
salts, DHB can be easily deposited by sublimation [32].
DHB was sublimed onto a preparation of dorsal and
ventral side of wings, low tarsus from a N. bullata male
(Figure 4d). Coatings achieved by sublimation were
even more uniform than those achieved by spraying
(Figure 2). Molecular adducts of DHB with H, Na,
and K were observed (Figure 4a–c) at m/z 155.0, 177.0,
and 193.0, respectively. Interestingly, all the observed
cations were distributed spatially in distinct patterns.
We observed a quite homogenous distribution of so-
dium. According to Figure 4c, more potassium was
placed near the wing basicosta than on the edge parts of
wings. It could be observed mainly on the ventral side
of wing. High concentration of potassium was observed
also on the tarsus. Higher intensities of [DHB  H]
were observed near the edge of the wing. Thus, the
application of MALDI can be easily extended to studies of
the distribution of alkali metals in the cuticle. The amounts
of sodium and potassium on the wings were sufficient for
227J Am Soc Mass Spectrom 2010, 21, 220–231 MALDI IMAGING OF INSECT AND PLANT LIPIDSFigure 3. Photograph of the dorsal side of N. bullata female wing covered with LiDHB (after
measurement) (a), MALDI images constructed for the total ion current (b), matrix ion m/z 161.0 (c),
lithium adduct of saturated hydrocarbon C30H62 at m/z 429.5 (d), diene C39H76 at m/z 551.6 (e), and
diene C41H80 at m/z 579.6 (f). An example of MALDI imaging spectrum of N. bullata wing (g).
Photograph of the dorsal side of N. bullata female wing covered with LiDHB (after measurement) (h),
MALDI images constructed for lithium adduct of WE C H O at m/z 681.7 (i), and the total ion46 90 2
current (j).
es con
of th
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distribution of C46H90O2 as [DHB  K]
 observed in this
experiment confirmed the previous results obtained with
LiDHB and NaDHB (higher concentration of WEs near
the wing basicosta). Note that the spatial distribution of
the metal ions themselves does not follow patterns of any
lipid imaged in this work.
MALDI Imaging of D. melanogaster Wings
Hydrocarbon monoenes or dienes are important for
inter-specific communication in D. melanogaster [9]. As
Figure 4. MALDI images of N. bullata male wing
for DHB adducts with proton at m/z 155.0 (a), so
photograph (after measurement) (d). MALDI imag
(m/z 713.7) (f) adduct of WE C46H90O2; dorsal side
Figure 5. Photograph of D. melanogaster wing c
total ion current (b), lithium adduct of diene HC 27
411.4 (d).dienes were successfully imaged from N. bullata, we
have probed D. melanogaster wings. The wings were
gently cut from immobilized imagoes and sprayed with
LiDHB as above. Because of small size of the wings, a
high spatial resolution (254 dpi; step size 100 m) was
used. The matrix was deposited uniformly (Figure 5a)
and also TIC showed rather uniform signal across the
wings (Figure 5b). The expected C27H52 and C29H56
dienes were visible (Figure 5c, d), but only low intensity
signals were obtained, presumably because of very thin
wax layer. The basicosta-specific hydrocarbon distribu-
tion observed in N. bullata wings was not observed.
ed with sublimed DHB constructed in invert scale
at m/z 177.0 (b), potassium at m/z 193.0 (c), and
structed for sodium (m/z 697.7) (e) and potassium
e wing (1), ventral side of wing (2), low tarsus (3).
d by LiDHB (a), MALDI images constructed for
at m/z 383.4 (c), and diene HC C H at m/zcover
diumovere
C H52 29 56
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Neutral lipids on both surfaces of Phoenix sp. leaf were
imaged after spraying with LiDHB. High quality
MALDI spectra (Figure 6d) were obtained. The ions
were mostly lithium adducts of WEs; three of them (m/z
683.7, 711.7, and 739.8 corresponding to [M  6Li] of
C46H92O2, C48H96O2, and C50H100O2) were combined to
construct a cumulative mass image of WEs (Figure 6b).
Quite homogenous distribution of saturated WEs was
observed. The matrix was deposited evenly as docu-
mented by photo and a TIC image (Figure 6a, c). No
Figure 6. Photograph of Phoenix sp. leaf cov
images constructed for sum of lithium adduct o
and C50H100O2 at m/z 739.8 (b), and the total ion
example of MALDI imaging spectrum of Phoenix
with LiDHB (after measurement) (e), MALDI im
at m/z 683.7 (f), and the total ion current (g).sodium or potassium adducts were observed, implicat-
ing negligible abundance of alkali metal cations on
palm leaf surfaces.
MALDI Imaging of A. thaliana Leaf
Dorsal surface of A. thaliana leaf was imaged for WEs.
Figure 6f shows distribution of m/z 683.7, which is pre-
sumably saturated WE C46H92O2 identified previously
[52]. Stronger signals were observed on the lamina,
weaker on the petiole. Mass spectra showed also numer-
with LiDHB (after measurement) (a), MALDI
s C46H92O2 at m/z 683.7, C48H96O2 at m/z 711.7,
nt (c); dorsal surface (1), ventral surface (2). An
leave (d). Photograph of A. thaliana leaf covered
onstructed for lithium adduct of WEs C H Oered
f WE
curre
sp.
ages c 46 92 2
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observed mainly on the lamina edges, which is apparent
from a TIC image (Figure 6g). Imaging WEs on A. thaliana
is a challenging task because of their low concentrations.
They make up only about 1% of all extractable lipids [11].
Moreover, epidermal hairs on A. thaliana leaves might
negatively affect deposition of matrix.
Conclusions
The results demonstrate that MALDI imaging can be used
successfully on neutral, highly hydrophobic compounds
such as HCs or WEs. As these are usually found on the
outermost tissues in living organisms, imaging is per-
formed directly from cuticular surfaces. Suitable matrices
have to be used to achieve ionization. Alkali metal salts of
DHB proved to work well; lithium salt (LiDHB) in partic-
ular appeared to be the most versatile matrix, enabling a
majority of (if not all) neutral lipids to be detected. The
matrix is best sprayed using an airbrush, which allows
homogenous deposits to form and prevents the artificial
redistribution of the analytes. Laser irradiation times are
longer than for polar compound imaging, as nonpolar
lipids ionize less willingly. Nevertheless, good quality
spectra were recorded, allowing us to construct spatially
resolved mass images. However, if wax esters only are of
interest, the number of laser shots could be lowered. It
may speed-up the imaging experiment or allows higher
spatial resolution. Neutral lipids and related compounds
are known to mediate chemical signals in various insect
and plant species. The technique developed here is cur-
rently applied to study the semiochemicals of fruit flies,
especially of D. melanogaster with spatial resolution 100
m. The first results with this small fly are encouraging,
and will be published elsewhere. MALDI imaging is thus
a worthwhile tool with which to solve various fundamen-
tal biological puzzles. Moreover, DHB matrix (preferably
deposited by sublimation) allows us to visualize the
distribution of sodium or potassium and, thus, to study
processes involving alkali metal ions.
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